Introduction
============

Injury to the peripheral nerves has an increasing incidence and results in nerve continuity interruption to impact the quality of life of affected individuals ([@b1-etm-0-0-4869]). In contrast to the central nervous system, the peripheral nervous system has a regenerative capacity. In the peripheral nervous system, Schwann cells greatly contribute to the process of regeneration after nerve injury due to their de-differentiation ([@b2-etm-0-0-4869]). When peripheral nerve injury occurs, mature Schwann cells undergo phenotypic modulation, shedding the myelinsheath and de-differentiating to a progenitor state. De-differentiated Schwann cells may proliferate to replenish damaged tissues and produce a favorable environment for axonal to outgrow. Schwann cells also produce nerve growth factors, which are important for the survival and proliferation of axons ([@b3-etm-0-0-4869],[@b4-etm-0-0-4869]).

MicroRNAs (miRs) are a class of endogenous, small, non-coding RNAs. miRs regulate \>60% of the total human protein-coding genes at the post-transcriptional level and are involved in various biological processes, including cell proliferation, migration and differentiation as well as tumorigenesis ([@b5-etm-0-0-4869]). miRs also have important roles in nerve myelination. Previous studies reported that miRs are abnormally expressed after nerve injury and are involved in nerve regeneration ([@b6-etm-0-0-4869]--[@b8-etm-0-0-4869]). miR-9 is downregulated after sciatic nerve injury, and over-expression of miR-9 inhibited the migration of Schwann cells *in vitro* and *in vivo* ([@b9-etm-0-0-4869]). miR-34a and miR-140 are potential regulators of de-differentiation and proliferation of Schwann cells after peripheral nerve injury ([@b8-etm-0-0-4869]). In the absence of Dicer, which is crucial for the generation of mature miRs, Schwann cells undergo arrest at the pro-myelinating state and fail to myelinate axons ([@b10-etm-0-0-4869],[@b11-etm-0-0-4869]).

miR-210 is a multifunctional miR and is associated with proliferation, differentiation, mitochondrial metabolism and DNA damage repair ([@b12-etm-0-0-4869]). As a master hypoxamir ([@b13-etm-0-0-4869]), miR-210 is deregulated in numerous types of tumor and is associated with the development of tumors ([@b14-etm-0-0-4869],[@b15-etm-0-0-4869]). Studies have revealed that miR-210 is associated with poor survival of cancer patients ([@b16-etm-0-0-4869]) and is regarded as a potential biomarker of tumors ([@b15-etm-0-0-4869],[@b17-etm-0-0-4869]--[@b19-etm-0-0-4869]). A recent study indicated that miR-210 also has effects on nerve cells ([@b20-etm-0-0-4869]). Administration of miR-210 is advantageous for the regeneration of the spinal cord ([@b21-etm-0-0-4869]). However, the effect of miR-210 on peripheral nerve regeneration remains unclear.

In the present study, the effects of miR-210 on the proliferation and migration of Schwann cells as well as proteins associated with nerve regeneration were explored. The results of the present study demonstrated that miR-210 had a beneficial effect on peripheral nerve regeneration and provided a novel approach for the treatment of peripheral nerve injury.

Materials and methods
=====================

### Animal experimental protocol

A total of 60 male Sprague Dawley (SD) rats (8 weeks old; weight, 180--220 g) were supplied by Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China). The rats were fed in a standard condition (12-h light/dark cycle, 22°C, 45--55% humidity) with access to food and water *ad libitum*. Rats were randomly divided into 2 groups: The sciatic nerve injury group and the sham group. Rats in the sciatic nerve injury group were anaesthetized with 10% chloral hydrate (Sinopharm Group Co., Ltd., Shanghai, China; 3.5 ml/kg; intraperitoneal injection). The sciatic nerve was exposed and lifted, and a 1 cm-long sciatic nerve segment was resected. The incision site was treated with moderate penicillin powder (100,000 U; Harbin Motian Agricultural Technology Veterinary Drug Co., Ltd., Harbin, China) to avoid infection and then closed layer by layer. Rats in the sham group received the same operation, but the sciatic nerve was not resected. At 0, 1, 4, 7, 14 days, a proportion of rats in each group were sacrificed, and the proximal stump of the sciatic nerve was harvested for subsequent reverse-transcription quantitative polymerase chain reaction (RT-qPCR). Animal experiments were approved by the Animal Ethics Committee of Jilin University (Changchun, China).

### Isolation of Schwann cells

Schwann cells were isolated from sciatic nerves of 40--50 neonatal SD rats (Liaoning Changsheng Biotechnology Co., Ltd.; age, 1--3 days). The sciatic nerves were harvested and connective tissues on sciatic nerves were removed. The sciatic nerves were washed with PBS, cut into small pieces and digested in 0.125% trypsin (Beyotime Institute of Biotechnology, Beijing, China) and 0.2% dispase for 25 min at room temperature. After centrifugation at 309 × g for 7 min at room temperature and washing with PBS, the cell pellet was re-suspended in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone; GE Healthcare, Little Chalfont, UK) and seeded in plates. After incubation for an additional 24 h, the cell medium was replaced for further culture. The isolated Schwann cells were grown in complete medium in a humidified atmosphere at 37°C with 5% CO~2~.

### Cell transfection

The isolated Schwann cells were seeded in 6-well plates at 1×10^6^ cells per well. After 24 h, an appropriate volume of lentivirus containing miR-210 mimics, negative control of mimics (mimics NC), miR-210 inhibitor or negative control of the inhibitor (inhibitor NC) (all from GenePharma, Shanghai, China) was added to the cells. A total of 6 µg/ml ploybrene (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was added to each well to improve the transfection efficiency. After incubation with the lentivirus for an additional 24 h, the cell medium was changed to fresh cell medium. The cells were then harvested for subsequent experiments.

### MTT assay

At 24 h after transfection with miR-210 mimics, mimics NC, miR-210 inhibitor or inhibitor NC, Schwann cells were seeded in 96-well plates at 4×10^3^ cells per well. Cells were cultured for an additional 24 h and 5 mg/ml MTT (Sigma-Aldrich; Merck KGaA) was then added to each well. After incubation at 37°C for additional 4 h, the supernatant was removed and 200 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added to each well. The absorbance at 490 nm was measured using a microplate reader (BioTek, Winooski, VT, USA).

### Wound healing assay

Cells were seeded into 6-well plates at 1×10^6^ cells per well. When the confluence of cells was 80--90%, scratches were made on the monolayer surface of cells using 200-µl pipette tips. At 1 h prior to scratching, the cell medium was changed to serum-free medium and 1 µg/ml mitomycin C (Sigma-Aldrich; Merck KGaA) was added to each well. Subsequent to scratching, cells were washed with serum-free medium, and grown in serum-free medium in a cell incubator at 37°C with 5% CO~2~. Images of cells in each group were captured at 0 and 24 h. The relative mobility was calculated according to the gap size based on following formula: Relative mobility=1-gap size of the initial scratches/gap size of scratches at each time-point.

### Transwell assay

Cells transfected with miR-210 mimics, mimics NC, miR-210 inhibitor or inhibitor NC were washed with PBS and re-suspended in serum-free medium. For each group, a total of 200 µl cell suspension (2×10^4^ cells) was added to the top chambers of the Transwell inserts (Corning, Inc., Corning, NY, USA). The lower chambers were filled with 800 µl DMEM containing 20% FBS. Cells were allowed to migrate for 24 h in a 37°C cell incubator. Subsequently, the Transwell membranes were washed with PBS and cells were fixed with 4% paraformaldehyde (Sinopharm Group Co., Ltd.). The upper surface of each membrane was cleaned with cotton swabs, and the bottom surface of each membrane was stained with 0.5% crystal violet (Amresco, Solon, OH, USA). Images of cells in each group were captured using an inverted microscope (Motic, Xiamen, China) under a magnification of ×200. The number of cells that had transgressed through the microporous membranes was counted.

### RT-qPCR

Total RNA was extracted from each sample using a total RNA extraction kit (BioTeke, Beijing, China) according to the manufacturer\'s protocol. The isolated total RNA was reverse-transcribed using a Super Moloney murine leukemia virus (M-MLV) reverse transcriptase (BioTeke). The reverse transcription mixture contained 1 µg RNA, 1.2 µl RT primer, 0.75 µl dNTP, 4 µl 5x Buffer, 0.25 µl RNasin, 0.2 µl M-MLV, and ddH~2~O added up to 20 µl. The reaction conditions were as follows: 25°C for 10 min, 42°C for 50 min, then 80°C for 5 min. The reaction products were kept on ice. The miR-210 level in each sample was then detected by RT-qPCR (SYBR Green method). The RT-qPCR mixture contained 1 µl reverse transcription products, 0.5 µl forward primer, 0.5 µl reverse primer, 10 µl SYBR Green Mastermix (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China), and ddH~2~O added up to 20 µl. The primers used were as follows: miR-210 forward, 5′-CATAGATAGCCACTGCCCACA-3′ and reverse, 5′-GTGCAGGGTCCGAGGTATTC-3′; U6 small nuclear (sn) RNA forward, 5′-CTCGCTTCGGCAGCACA-3′ and reverse, 5′-AACGCTTCACGAATTTGCGT-3′. The cycling conditions were 95°C for 10 min, 40 cycles of 95°C for 10 sec, 60°C for 20 sec and 72°C for 30 sec, followed by a final incubation at 4°C for 5 min. The miR-210 level was normalized to U6 snRNA and the relative miR-210 level was calculated using the 2^−∆∆Cq^ method ([@b22-etm-0-0-4869]).

### Western blot analysis

Cells were harvested at 48 h after transfection with miR-210 mimics, mimics NC, miR-210 inhibitor or inhibitor NC. Protein in cells from each group was extracted using a protein extraction kit (Wanleibio, Shenyang, China). The protein concentration was measured using a bicinchoninic acid protein concentration detection kit (Wanleibio). Protein in each group was separated by 11% SDS-PAGE (40 µg per lane). The separated protein was transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% skimmed milk, followed by incubation with primary antibodies against growth-associated protein-43 (GAP-43; 1:200 dilution; Santa Cruz Biotechnologies, Inc., Dallas, TX, USA; cat. no. sc-33705), myelin-associated glycoprotein (MAG; 1:500 dilution; Bioss, Beijing, China; cat no. bs-0257R), myelin basic protein (MBP; 1:500 dilution; Bioss; cat. no. bs-0380R) and β-actin (1:1,000, Santa Cruz Biotechnologies, Inc.) at 4°C overnight. After washing with Tris-buffered saline containing Tween-20, the membranes were incubated with corresponding horseradish peroxidase-labeled secondary antibodies (1:5,000 dilution; Wanleibio; cat. nos. WLA023 and WLA024) at 37°C for 45 min. The membranes were developed with an enhanced chemiluminescence detection system (Wanleibio). The optical density of target protein bands was analyzed using Gel-Pro-Analyzer 4.0 (Media Cybernetics, Inc., Rockville, MD, USA) and the relative protein levels were calculated using β-actin as an internal reference.

### Statistical analysis

Experiments were repeated three times and values are expressed as the mean ± standard deviation. Data analysis was performed using Student\'s t-test and one-way analysis of variance followed by Bonferroni\'s multiple comparison with GraphPad 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-210 is up-regulated in the proximal stump generated by sciatic nerve injury

Levels of miR-210 in the sciatic nerve injury rat models and the sham group were detected by RT-qPCR. The results revealed that in the sciatic nerve injury group, the level of miR-210 in proximal stump of the nerve was increased after sciatic nerve injury ([Fig. 1](#f1-etm-0-0-4869){ref-type="fig"}). A significant upregulation of miR-210 occurred on day 1 after sciatic nerve injury and was highest on day 14. However, in the sham group, the miR-210 levels at the same sites at which the stump was located in the model group showed no significant changes. These results demonstrated that miR-210 was upregulated after sciatic nerve injury.

### miR-210 mimics promote the proliferation and migration of Schwann cells

After transfection with miR-210 mimics, the miR-210 levels were detected by RT-qPCR. The results revealed that, after transfection with miR-210 mimics, the level of miR-210 was increased to 2.73±0.3-fold of that in the mimics NC group ([Fig. 2A](#f2-etm-0-0-4869){ref-type="fig"}). This result confirmed that miR-210 mimics effectively increased the level of miR-210.

After transfection with miR-210 mimics, the cell viability was detected by an MTT assay. As shown in [Fig. 2B](#f2-etm-0-0-4869){ref-type="fig"}, after transfection with miR-210 mimics, the viability was significantly increased compared with that of cells transfected with mimics NC (P\<0.01; [Fig. 2B](#f2-etm-0-0-4869){ref-type="fig"}). This result showed that miR-210 mimics promoted the proliferation of Schwann cells.

The migration capacity of Schwann cells was determined by a wound healing assay and a Transwell assay. The results of the wound healing assay showed that the relative migration capacity of cells transfected with the mimics NC was 0.49±0.03, whereas after transfection with miR-210 mimics, the relative migration capacity of cells was increased to 0.77±0.08 (P\<0.01; [Fig. 2C and D](#f2-etm-0-0-4869){ref-type="fig"}). Consistent with the results of the wound healing assay, the Transwell assay also showed an enhanced migration capacity after transfection with miR-210 mimics. The number of cells transgressing through the microporous membranes was increased from 66.6±4.51 to 109.4±10.95 (P\<0.001; [Fig. 2E and F](#f2-etm-0-0-4869){ref-type="fig"}). These results demonstrated that miR-210 mimics promoted the migratory capacity of Schwann cells.

### miR-210 inhibitor reduces the proliferation and migration of Schwann cells

miR-210 inhibitor was used to downregulate the level of miR-210, and the miR-210 level was then assessed by RT-qPCR. The results revealed that after transfection with miR-210 inhibitor, the miR-210 level was decreased to 66±9% of that in the inhibitor NC group ([Fig. 3A](#f3-etm-0-0-4869){ref-type="fig"}). This result demonstrated that miR-210 inhibitor effectively decreased the miR-210 level.

After transfection with miR-210 inhibitor, the cell viability was determined by an MTT assay. The results of the MTT assay showed that the cell viability was significantly suppressed after transfection with miR-210 inhibitor (P\<0.001; [Fig. 3B](#f3-etm-0-0-4869){ref-type="fig"}). This result demonstrated that miR-210 inhibitor reduced the proliferation of Schwann cells.

The migratory capacity was also determined after transfection with miR-210 inhibitor. The results of the wound healing assay demonstrated that the relative migration capacity of Schwann cells was decreased from 0.54±0.03in the inhibitor NC group to 0.28±0.04 in the inhibitor group ([Fig. 3C and D](#f3-etm-0-0-4869){ref-type="fig"}). Furthermore, the results of the Transwell assay revealed that after transfection with miR-210 inhibitor, the number of cells transgressed through the microporous membranes was 34.8±3.56, which was significantly lower than that of cells transfected with inhibitor NC (69.2±5.4; P\<0.001; [Fig. 3E and F](#f3-etm-0-0-4869){ref-type="fig"}). These results demonstrated that miR-210 inhibitor reduced the migration capacity of Schwann cells.

### miR-210 regulates the protein levels of GAP-43, MAG and MBP

To further evaluate the effect of miR-210 on nerve regeneration, the protein levels of GAP-43, MAG and MBP were detected by western blot analysis. The results demonstrated that after transfection with miR-210 mimics, the relative protein levels of GAP-43 and MBP were increased to 2.7±0.3- and 1.85±0.19-fold of those in the mimics NC group, while the relative protein levels of MAG were decreased to 47±8% ([Fig. 4](#f4-etm-0-0-4869){ref-type="fig"}). After transfection with miR-210 inhibitor, the protein levels of GAP-43 and MBP were decreased to 47±7 and 27±4% respectively, and the protein level of MAG was increased to 2.5±0.25-fold of that in the inhibitor NC group ([Fig. 4](#f4-etm-0-0-4869){ref-type="fig"}). These results demonstrated that miR-210 had a beneficial effect on nerve regeneration.

Discussion
==========

In the present study, the effect of miR-210 on peripheral nerve regeneration was explored. The results revealed that the level of miR-210 was increased after sciatic nerve injury. Further study showed that miR-210 mimics promoted the proliferation of Schwann cells and enhanced their migratory capability, while miR-210 inhibitor reduced the proliferation and migration of Schwann cells. miR-210 also impacted the protein expression of GAP-43, MAG and MBP. These results demonstrated miR-210 was beneficial for peripheral nerve regeneration.

Abnormal expression of miRs is associated with numerous diseases, such as cancer. After peripheral nerve injury, abnormal expression of miRs is usually discovered and is involved in peripheral nerve regeneration ([@b6-etm-0-0-4869]--[@b9-etm-0-0-4869]). In the present study, an increased miR-210 level was discovered after sciatic nerve injury. This led to the hypothesis that miR-210 may be beneficial to peripheral nerve regeneration. Studies have indicated that miR-210 has neuroprotective effects. It induces angiogenesis and neurogenesis, and inhibits apoptosis of neural progenitor cells ([@b23-etm-0-0-4869]--[@b25-etm-0-0-4869]), which is consistent with the hypothesis of the present study.

The present study found that miR-210 promoted the proliferation of Schwann cells, which indicates that miR-210 may be beneficial to the function of Schwann cells. miR-210 is usually regarded as an oncomiR. In most types of tumor, miR-210 promotes the proliferation of tumor cells. Through regulating E2F2 ([@b26-etm-0-0-4869],[@b27-etm-0-0-4869]) and YES1 ([@b28-etm-0-0-4869]), miR-210 has effects on the cell cycle, thereby impacting the proliferation of cells. miR-210 also disturbs mitotic progression by targeting Polo-like kinase 1, cell division cycle 25B, Cyclin F, Bub1B and Fam83D ([@b29-etm-0-0-4869]). Apoptosis is another critical factor that impacts the proliferation of cells. B-cell lymphoma (Bcl)-2, which is an anti-apoptotic protein, is a target of miR-210. Through targeting Bcl-2, miR-210 may induce cell apoptosis ([@b30-etm-0-0-4869]). The effect of miR-210 on the proliferation of Schwann cells may be associated with the effect of miR-210 on cell cycle and apoptosis. A study by Wang *et al* ([@b31-etm-0-0-4869]) also showed that miR-210 promotes the proliferation of peripheral nerve sheath tumor cells, which was in line with the results of the present study.

After peripheral nerve injury, Schwann cells de-differentiate into an immature state. These immature, activated Schwann cells re-enter the cell cycle, migrate to the injury sites, secrete growth factors and promote axonal regeneration ([@b32-etm-0-0-4869]). In the present study, miR-210 was found to promote the migration of Schwann cells, which suggested that miR-210 may be beneficial for Schwann cells to perform their functions. miR-210 has been reported to promote the migration of vascular endothelial cells and promote angiogenesis and neurogenesis ([@b24-etm-0-0-4869]). miR-210 is also associated with the migration of hepatocellular carcinoma, colorectal cancer and renal cell carcinoma ([@b33-etm-0-0-4869]--[@b35-etm-0-0-4869]).

GAP-43 has important roles in the development and plasticity of the nerve. MBP is involved in myelination and maintaining the correct structure of myelin. In the present study, miR-210 was found to promote the expression of GAP-43 and MBP, indicating a beneficial role of miR-210 in peripheral nerve regeneration. MAG is also involved in myelination. However, in the present study, the protein levels of MAG were downregulated by miR-210. MAG is an axonal receptor ligand that is required for the maintenance of myelinated axons, as well as a receptor of axonal signals that promotes the differentiation and survival of oligodendrocytes. However, MAG is also a white matter inhibitor of neurite outgrowth and axonal regeneration. MAG inhibits the outgrowth of immature developing or regenerating neurites, and this is an aberration of its normal physiological function ([@b36-etm-0-0-4869]).

The present study found that the level of miR-210 was upregulated after sciatic nerve injury, which led to the hypothesis that miR-210 may be beneficial for peripheral nerve regeneration. Further study showed that miR-210 promoted the proliferation and migration of Schwann cells, which is advantageous for Schwann cells to perform their recovery role after peripheral nerve injury. The protein levels of GAP-43, MAG and MBP were found to be affected by miR-210, which further supported the hypothesis that miR-210 has a beneficial role in nerve regeneration. The present study demonstrated the role of miR-210 in peripheral nerve regeneration and provided additional evidence for the hypothesis that miRs have important roles in peripheral nerve regeneration. In addition, the present study provided novel insight into molecular mechanisms of nerve regeneration, which may provide a novel approach for the treatment of peripheral nerve injury.

![miR-210 levels in the proximal stump of the nerve. Levels of miR-210 in the sciatic nerve injury group and the sham group were detected by reverse-transcription quantitative polymerase chain reaction. The miR-210 level was normalized to U6 small nuclear RNA and the relative miR-210 level was calculated using the 2^−ΔΔCq^ method. Values are expressed as the mean ± standard deviation. \*\*\*P\<0.001. miR, microRNA.](etm-14-04-2809-g00){#f1-etm-0-0-4869}

![miR-210 mimics promote the proliferation and migration of Schwann cells. (A) The miR-210 level was detected by reverse-transcription quantitative polymerase chain reactionafter transfectionwith miR-210 mimics. (B) After transfection with miR-210 mimics, the viability of Schwann cells was detected by an MTT assay. (C and D) After transfection with miR-210 mimics, the migration capacity of Schwann cells was evaluated by a wound healing assay (magnification, ×100). (E and F) After transfection with miR-210 mimics, the migration capacity was evaluated by a Transwell assay (magnification, ×200). Each experiment was repeated three times and values are expressed as the mean ± standard deviation. \*\*P\<0.01, \*\*\*P\<0.001. miR, microRNA; NC, negative control; OD, optical density.](etm-14-04-2809-g01){#f2-etm-0-0-4869}

![miR-210 inhibitor suppresses the proliferation and migration of Schwann cells. (A) Reverse-transcription quantitative polymerase chain reaction was used to detect the miR-210 level after transfection. (B) Cell viability of Schwann cells was measured by MTT assay after transfection with miR-210 inhibitor. (C and D) After transfection with miR-210 inhibitor, the migration capacity of Schwann cells was detected by a wound healing assay (magnification, ×100). (E and F) A Transwell assay was used to evaluate the migration capacity of Schwann cells after transfection with miR-210 inhibitor (magnification, ×200). All experiments were repeated three times. Values are expressed as the mean ± standard deviation. \*P\<0.05, \*\*\*P\<0.001. miR, microRNA; NC, negative control.](etm-14-04-2809-g02){#f3-etm-0-0-4869}

![miR-210 has an effect on the protein levels of GAP-43, MAG and MBP. (A and B) After transfection with miR-210 mimics or miR-210 inhibitor, the protein levels of GAP-43 were detected by western blot analysis. Relative protein levels were calculated using β-actin as an internal reference. (C and D) The protein levels of MBP were detected by western blot after transfection with miR-210 mimics or miR-210 inhibitor. β-actin was used as an internal reference. (E and F) After transfection with miR-210 mimics or miR-210 inhibitor, the protein levels of MAG were detected by western blot using β-actin as an internal reference. All experiments were repeated three times and values are expressed as the mean ± standard deviation. \*\*P\<0.01, \*\*\*P\<0.001. miR, microRNA; MAG, myelin-associated glycoprotein; MBP, myelin basic protein; GAP-43, growth-associated protein 43; NC, negative control.](etm-14-04-2809-g03){#f4-etm-0-0-4869}
